Introduction
Passively mode-locked fiber lasers generate ultrashort pulses for vital applications such as free-space optical communications, industrial material processing and biomedical diagnostics [1, 2] . The pulsed lasers can be developed by using either a linear cavity or a ring cavity. The key element in these cavities is the intracavity passive power-modulating element or saturable absorbers (SAs) that initiate the mode-locking process. The SAs are classified as effective SAs based on nonlinear polarization evolution (NPE) phenomena and real SAs based on bulk and low-dimensional materials. In the recent past, these saturable absorbers have been implemented to achieve passive mode-locking in various laser cavities [3] [4] [5] [6] . The NPE-based saturable absorbers have the limitations of being bulky and unstable due to environmental perturbations. These issues have been overcome by the development of real saturable absorbers, which offer better stability and all-fiber compatibility. For the last few decades, semiconductor saturable absorber mirrors [7] have been widely used as saturable absorbers. However, the requirement of complex fabrication facilities results in higher cost and limited bandwidth operation [8] . Recently, carbon-based nanomaterials such as carbon nanotubes (CNTs) [5] , graphene [6] and graphene oxide [9] have been demonstrated as saturable absorbers for pulsed solid state and fiber lasers.
Since then, the interest in high-performance saturable absorbers has turned towards low-dimensional nanomaterials due to their remarkable saturable absorption properties. Specifically, graphene, a two-dimensional zero-bandgap semiconductor material, has gained significant interest in the photonics community. On the downside, the aforementioned carbon-based nanomaterials have their own limitations, which are as follows. CNTs tend to have high nonsaturable loss due to their tube diameter mismatch and chiral effects. On the other hand, graphene exhibits weak absorption efficiency (∼2.3% per layer) and zero bandgap [10] . These issues have propelled the search for novel two-dimensional materials which can meet the important saturable absorber parameters, such as broadband operating wavelength, ultrafast recovery time and high damage threshold. As a result, in recent times, topological insulators and semiconducting type layered materials such as transition metal dichalcogenides (TMDs) and black phosphorous (BP) have attracted considerable attention, and they have been analyzed by various research groups [11] [12] [13] [14] [15] .
TMDs belong to a class of two-dimensional layered materials which are of the form MX 2 , where M is the transition metal (Mo, W, Nb etc) and X is the chalcogenide (S, Se, Te etc) [16] . In recent times, they have been rigorously analyzed for saturable absorption properties. Among the TMD family, MoS 2 is the representative material, and has superior properties compared to graphene, such as switchable bandgap, higher third-order nonlinear susceptibility and ultrafast carrier dynamics [17, 18] . In addition to MoS 2 , the other TMD mat erials such as tungsten disulfide (WS 2 ), molybdenum diselenide (MoSe 2 ) and tungsten diselenide (WSe 2 ) have been successfully used for Q-switched and mode-locked fiber lasers [13, 14, [19] [20] [21] [22] [23] . Similarly, black phosphorus, an emerging material with broadband nonlinear optical response, has been analyzed in both fiber lasers and solid-state lasers [24] [25] [26] . For the first time, Wang et al observed the saturable absorption behavior in MoS 2 at 800 nm [27] . In 2014, Zhang et al and Juan Du et al successfully demonstrated dissipative soliton generation in a Yb-doped fiber laser at 1 μm wavelength using a few-layer MoS 2 saturable absorber [13, 28] . The coating of MoS 2 is done either by the optical deposition technique or by adopting dropcasting on the tapered region of the fiber. The few-layer MoS 2 is exfoliated with the hydrothermal intercalation exfoliation technique, which needs a higher temperature environment and a laborious chemical post-processing. It has been proven that the liquid-phase exfoliation (LPE) technique is an efficient method to exfoliate layered materials such as graphene and its derivatives with high quality [29] . To the best of our knowledge, there has been no report on the fabrication of few-layer MoS 2 using the LPE technique for dissipative soliton generation at 1 μm wavelength region.
In this work, we have demonstrated the generation of dissipative solitons in an all-normal dispersion Yb-doped fiber laser cavity with an MoS 2 -PVA-based saturable absorber. Using the LPE technique, few-layer MoS 2 nanosheets have been exfoliated from the bulk. Further, they have been turned into a freestanding composite film by mixing with aqueous PVA. The saturable absorber is developed by attaching the film between the ferrules and is incorporated in the laser cavity. The modulation depth and saturation intensity are determined to be 11% and 5.86 MW cm , respectively. Dissipative solitons with a pulse width of 1.55 ns and 3 dB spectral bandwidth of 0.9 nm centered at 1037.5 nm are generated. The fundamental repetition rate and the average power are measured to be 15.43 MHz and 1.5 mW, respectively. These results show the potential of an LPE-based MoS 2 saturable absorber for dissipative soliton generation in the 1 μm wavelength region. 
Material preparation and characterizations
The few-layer nanosheets employed in this work have been realized using the LPE technique. The procedure involves mixing of bulk material with a suitable solvent followed by high-power sonication and purification of the few-layer nanosheets by applying centrifugal force. Studies have indicated that the surface tension of the 'good' solvent should closely match with the surface energy of the MoS 2 in order to obtain proper exfoliation [30] . Here, we have preferred N-methyl-2-pyrrolidone (NMP), since the surface tension of NMP (40 mJ m −2 ) is almost equal to the surface energy of few-layered MoS 2 (46.5 mJ m −2 ) [31] . In a typical experiment, 500 mg of bulk MoS 2 powder (325 mesh powder, Alfa Aesar) is added to a 250 ml conical flask and 100 ml of NMP is added as a dispersion solvent. The sealed flask is sonicated for 8 h followed by centrifugation at 6000 rpm for 1 h [32] . Finally, the supernatant (top three-quarters of the centrifuged dispersion) solution is decanted and used for further characterizations. The exfoliated suspensions are transparent and appear greenish yellow in color.
Material characterizations
The linear optical absorption spectrum of the few-layer MoS 2 nanosheets is measured using a SPECORD 210-Plus UV-Vis spectrophotometer with a step size of 1 nm and presented in figure 1(a) . The supernatant solution obtained after centrifugation is diluted to 10 vol.% and transferred to a 1 cm quartz cuvette. As we expected, four characteristic peaks are observed at 664 nm (A), 605 nm (B), 439 nm (C) and 395 nm (D), which are in very good agreement with the previously reported values [33] . The absorption peaks, namely A and B, arise from the direct-excitonic transitions at the K-point with the energy difference arising due to valence band spin-orbital coupling. Peaks C and D can be attributed to the direct excitonic transition of M-points between the higher-density-of-state regions of the band structure. This analysis confirms the presence of few-layer MoS 2 nanosheets. The XRD patterns of the bulk and exfoliated MoS 2 are verified with a Bruker D8-Advance using Cu-K α radiation (λ = 1.5418 Å) and shown in figure 1(b) . The samples are prepared by dropcasting 1 ml of few-layer suspension onto a clean glass substrate and annealing at high temper ature. All the diffraction peaks of the bulk MoS 2 are consistent with the rhombohedral MoS 2 with JCPDS No 06-0097 [34] . Compared with bulk MoS 2 powder, a weak diffraction peak at 13.2° corresponding to the (0 0 2) plane is observed for exfoliated MoS 2 . This signifies an enlarged interlayer distance of the (0 0 2) plane after ultrasonic treatment and indicates the successful exfoliation of MoS 2 with good crystallinity.
A few droplets of the exfoliated MoS 2 dispersion are deposited onto a silica wafer and heated at 40 °C in an oven to evaporate the solvent. Further, the Raman spectroscopy characterization has been done using a Renishaw inVia microscope at an excitation wavelength of 488 nm with an input power of 1.5 mW. Raman spectra of both bulk and exfoliated nanosheets are portrayed in figure 2 [35] . Compared to the bulk, the E 2g 1 mode redshifts due to the enhancement of dielectric screening of the long-range Coulomb interaction between the effective charges with the addition of layers. On the other hand, the A 1g mode blueshifts due to increased van der Waals interactions in thicker samples. The difference in peak positions between the two modes is calculated as 24 cm
, which corresponds to a number of layers around four or five (the thickness of single-layer MoS 2 is 0.65 nm) [34] .
The thickness of the exfoliated nanosheets is further examined by atomic force microscopy (AFM) using ND-MDT. The samples are prepared similarly to that in Raman spectroscopy characterization. AFM allows the estimation of number of layers by measuring the height of the deposited flakes. On average, 60-80 nm flakes with 2-4 nm thickness are obtained, and are clearly seen in the histogram analysis figure 3(c) . The average thickness measured from the height profile diagram ( figure 3(b) ), is nearly 2.6 nm, which confirms the number of layers for the exfoliated MoS 2 nanosheets to be four or five. This result is in good agreement with the Raman spectroscopy characterization. Next, the few-layer nanosheets obtained after the centrifugation are mixed with aqueous PVA for making a freestanding composite film. To explain in brief, 150 mg of PVA (molecular weight ∼115 000) is mixed with 10 ml of distilled water. Upon vigorous stirring with a magnetic stirrer, the fewlayer nanosheets are added to the aqueous PVA and finally poured into a petri dish. After drying at room temperature, a uniform composite film is obtained. Figures 5(a) and (b) show the supernatant solution obtained after the centrifugation and the free-standing MoS 2 -PVA composite film, respectively. Now the film is cut into small pieces and attached at the fiber end facet with the help of index-matching gel. A fresh fiber ferrule is connected via a mate connector to make it an all-fiber saturable absorber device.
The nonlinear saturable absorption characteristics of the prepared MoS 2 film are measured using a balanced twindetector measurement system. A home-made fiber laser with 560 fs pulse duration and 26.6 MHz repetition rate with a central wavelength of about 1040 nm is used as a seed laser source. The experimentally measured values are well fitted by the standard two-level saturable absorber model [36] , 
where α is the absorption coefficient, I is the intensity, α s is the modulation depth, I sat is the saturation intensity and α ns is the nonsaturable loss. Figure 6 shows the result of the nonlinear saturable absorption characteristics of the MoS 2 -PVA film. The measured modulation depth is nearly 11%, with a saturation intensity of 5.86 MW cm −2 . The bandgap for the operating wavelength (∼1040 nm) does not resonate with the bandgap of few-layer MoS 2 . The explanation for this observation may be attributed to the sub-bandgap absorption, which has been previously reported by Woodward et al [35] . The high surface-to-edge ratio induced by the LPE process and the defects induced by the sub-bandgap absorption are responsible for the saturable absorption at near-IR wavelength [33] .
Experimental setup
A schematic representation of the proposed fiber laser cavity is shown in figure 7 . A 980 nm laser diode (Lumics, LU0975M500) with a maximum power of 500 mW is used as a pumping source. A 60 cm long Yb-doped gain fiber (Nufern, SM-YSF-HI, 250 dB m −1 absorption at 975 nm, NA = 0.11 with β = 22 2 ps 2 km −1 ) acts as the gain medium. The pump is delivered into the laser cavity via a 980/1060 nm fused WDM coupler. A three-paddle polarization controller is used to control the intracavity polarization state. Unidirectional operation is preserved via a polarization-independent isolator. The prepared MoS 2 -PVA film based saturable absorber is incorporated into the cavity. A fiber-based bandpass filter with a central wavelength of 1040 nm and bandwidth of 10 nm is inserted to avoid the highly induced linear chirp. The output of the laser is extracted via a 90 : 10 output coupler and further it is connected to a 50 : 50 coupler for measurements. The single-mode fibers used in the cavity (Corning HI 1060, β = 22 2 ps 2 km −1 at 1060 nm) are basically the tail fibers attached to the components. The total length of the cavity is about 13 m and the net cavity dispersion value, β 2 net , is nearly 0.286 ps 2 . These values indicate that the present cavity operates in an all-normal dispersion regime. An optical spectrum analyzer (ANDO, AQ6373), a 1 GHz oscilloscope (Agilent, DSO9104A), a radio frequency (RF) spectrum analyzer (Agilent, N9010A), a photodetector and a power meter are employed for studying the laser characteristics.
Results and discussion
Initially the cavity was tested without incorporating the saturable absorber, in which case there is no pulse observed on the oscilloscope. Then the prepared MoS 2 -PVA saturable absorber is attached and the continuous wave emission starts at the pump power of 65 mW. By precise tuning of the polarization controller and with the increase in pump power, stable mode-locked pulses are observed at a pump power of 125 mW. Figure 8 (a) shows the pulse train trace measured using the oscilloscope at a pump power of 125 mW. A highly uniform pulse intensity is observed from the oscilloscope trace, which clearly indicates that there are no fluctuations in the pulse train. Next, the values measured from the oscilloscope are plotted in figure 8 (b) at various nanosecond time scales. The separation between the two pulses is 64.8 ns, corresponding to the cavity round-trip time. A single pulse shows a nearly Gaussian shape with full-width at half maximum (FWHM) pulse width of 1.55 ns. The time-bandwidth product is measured to be about 423, which indicates that the mode-locked pulses are highly chirped. The optical spectrum is measured with a step size of 0.05 nm and portrayed in figure 9 (a). The measured 3 dB bandwidth and the central wavelength are 0.9 nm and 1037.5 nm, respectively. The reason for the narrow spectral bandwidth is the high net cavity dispersion and minimal nonlinearity induced by the pump power of 125 mW. The spectrum with the steep edges indicates the dissipative soliton generation. The RF spectrum of the output signal is depicted in figure 9(b) . The fundamental repetition rate and the signalto-noise ratio (SNR) are measured to be 15.43 MHz and 40.5 dB, respectively. The inset shown has been measured for a wide range span. Both the single and wide span show that the pulses are highly stable. The average output power and the maximum pulse energy are determined to be 1.5 mW and 97 pJ, respectively.
Conclusion
In this work, we have generated the dissipative soliton in an all-normal dispersion Yb-doped fiber laser cavity with MoS 2 -PVA film saturable absorber. The few-layer nanosheets have been exfoliated using the liquid-phase exfoliation (LPE) technique. A free-standing composite film was prepared by mixing with aqueous PVA and the same was attached at the fiber ferrule. The modulation depth and saturation intensity were measured to be 11% and 5.86 MW cm −2 , respectively. Dissipative solitons with a pulse width of 1.55 ns and 3 dB bandwidth of 0.9 nm centered at 1037.5 nm have been generated. The fundamental repetition rate and the average power were measured to be 15.43 MHz and 1.5 mW, respectively. These results indicate the feasibility of using an MoS 2 -PVA saturable absorber for dissipative soliton generation in the 1 μm wavelength region.
